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Introduction
Due to growing needs for timber and wood products, forest plantations have increased around the world and have gained economical relevance. At the same time there has been an increase in concerns regarding the sustainability of planted forests, especially those managed under a regime of short rotations (Nambiar 1995) . In particular, the relationship between forest nutrition and sustainable timber production has become an important issue for the management of less studied species in countries such as Costa Rica and China , Arias et al. 2011 , Qiong et al. 2011 .
Teak (Tectona grandis L.f.) plantations have been widely established in Central America, initially in Costa Rica and Panama (De Camino et al. 2002) and more recently in Guatemala, El Salvador and Nicaragua. Teak has become an important species in the worldwide quality tropical hardwood sector (Pandey & Brown 2000) , with a total planted area of 4.3 ·10 6 ha (not including natural areas), of which 132 780 ha are in Central America (3%) and 86 500 in Panama and Costa Rica (Kollert & Cherubini 2012) . In contrast to the rotations of 40-80 years used in Asia and Africa, in Central America the species is intensively managed in rotations of 20-25 years, usually in carefully selected productive sites, with an expected commercial industrial volume of 10 m 3 ha -1 year -1 (Pandey & Brown 2000 , De Camino et al. 2002 . In this kind of short-rotation, intensively-managed forest plantations, nutrient management is a key issue for attaining sustainability and maintaining yields for future rotations (Poels 1994 , Evans & Turnbull 2004 . Appropriate knowledge regarding teak nutrition is required to improve plantation management and to attain high productivity and sustainability. Nutrient accumulation increases with the stand's age, mainly due to biomass accumulation; however, nutrient uptake during early years is considered crucial to sustain the high growth rates and the rapid expansion of both crown and roots required to maintain an appropriate nutritional status throughout the entire rotation length (Miller 1981 , Laclau et al. 2003 . In general, foliage is the tree tissue with the highest nutrient concentration and it is considered to contain 20-40% of total stand nutrients, while tree stems are assumed to have relatively low concentrations of nutrients (Miller 1984 (Miller , 1995 . However, the high amount of biomass accumulated in the tree stem makes it an important sink of nutrients. As a consequence, the loss of nutrients through wood removal at harvesting is a major cause of impoverishment of forest sites (Fölster & Khanna 1997 , Worrel & Hampson 1997 . While N, P and Mg are mainly accumulated in the tree stem, bark and roots are considered to be Ca sinks (Nwoboshi 1984) . Nutrient uptake depends mainly on the species' demand and its ability to access nutrients, as well as the potential of the site (especially the soil) to supply nutrients. In calcareous soils in India, the most absorbed nutrients by teak were Ca > K > N > Mg > P = S (Negi et al. 1995) , while they were K > N > Ca >> Mg ≥ P in less fertile soils in Africa (Nwoboshi 1984) and N > Ca > K > Mg > P > Na > S > Cl in a different study site in India ).
In order to understand the relationship between soil and forest nutrition, it has been long recognized that it is first necessary to evaluate the quantities of nutrients taken up by the growing forest and removed from the site during timber extraction (Rennie 1955 ). However, Fölster & Khanna (1997) pointed out a traditional and general lack of concern of this problem in planted forests. Soil-plant relation research in agriculture has traditionally analyzed when, where, and at what rates nutrients are accumulated by plants in or-
(1) Dept. Silvopascicultura, E.T.S.I Montes, Universidad Politécnica de Madrid (UPM), Ciudad Universitaria s/n, E-28040 Madrid (Spain); (2) Centro de Investigaciones Agronómi-cas, Universidad de Costa Rica (CIA-UCR), San Pedro (Costa Rica); (3) Instituto de Investigación y Servicios Forestales, Universidad Nacional (INISEFOR-UNA), Heredia (Costa Rica); (4) Corporación de Desarrollo Agrícola Del Monte, S.A., 4084-1000 San José (Costa Rica); (5) GSA Consulting Group (Costa Rica); (6) Panamerican Woods S.A., San José (Costa Rica); (7) Ecoforest Panama S.A., Panama City (Panama) @ @ Jesus Fernández-Moya (jesusfmoya@gmail.com) der to accomplish an efficient and environmentally acceptable nutrient management (Sadler & Karlen 1995 , Bertsch 1998 . Such kind of study on nutrient absorption curves or nutrient accumulation dynamics with age are traditionally used in agriculture and are considered as promising tools to analyze forest nutrition in intensively managed planted forests in the tropics (Ranger et al. 1995 , Alvarado 2012a . In order to provide information for the near-maximum accumulation rates of any given crop, nutrient absorption studies are carried out in sites where nearmaximum yield of the crop is achieved (Sadler & Karlen 1995 , Bertsch 1998 . By analyzing nutrient accumulation in the most productive soils without nutrient deficiencies (and in dominant or co-dominant trees in a site), the maximum species requirements are assessed. Therefore, if the minimum inputs calculated for these high-fertility sites are applied in sites of lower fertility where tree nutrient uptake would be lower, the sustainability of the plantation is still achieved (Bertsch 1998 , Alvarado 2012a .
Nutrient accumulation dynamics of a species can be used to estimate: (i) the nutrient removal by thinning or harvesting; (ii) the maximum nutrient absorption of the species over one rotation period; (iii) the amount of nutrients left at a site after harvesting, which will recycle and be reused during the next rotation; and (iv) the minimum nutrient inputs (fertilizers) the system requires to be sustainably managed (Ranger et al. 1995 , Bertsch 1998 , Alvarado 2012a .
To assess the nutrient sustainability of teak plantations, we conducted a study to measure the amount of nutrients accumulated by trees and exported during wood harvest, by analyzing the nutrient accumulation dynamics at different ages and the allocation patterns in highly productive teak plantations in Central America (Costa Rica and Panama) throughout a rotation period.
Material and methods

Study sites
Three teak (Tectona grandis L.f.) plantations were studied in Central America: two in Costa Rica (Guanacaste and northern region) and one in Panama (Panama Canal watershed - Fig. 1 ). The three areas are classified as tropical wet forest according to Holdridge's life zones (Holdridge 1947) , with similar mean annual rainfall (2500-3100 mm), although in Guanacaste the dry season lasts longer than at the other two sites. The soils in the study areas are also similar, although the northern region of Costa Rica is less fertile and has higher soil acidity than the other sites (Tab. 1).
The stands studied were chosen to be representative of properly managed teak plantations in Central America. In general, their management consists on continuous silvicultural activities: weed control, pruning, thinning regimen (approximately from 800-1000 trees ha -1 at establishment to 150-200 trees ha -1 at final felling) and fertilization during the establishment. The use of clones is common in recent years. An expected commercial volume of 100-150 m 3 ha -1 is expected for this kind of plantation after approximately 20 years rotation.
Field sampling and design
A false time-series (chronosequences) method was used to analyze nutrient accumulation dynamics of teak trees from age 1 to 19 years. Johnson & Miyanishi (2008) define such method as an inference of a time sequence of development made from a series of plots or stands differing in age. Despite of the critiques to this method (Johnson & Miyanishi 2008) , it is considered a valid methodology as far as all studied stands grow under similar environmental conditions (soil and climate) and are subject to similar management practices. Hence, stands of different ages (between 1 and 19 years old) were studied, assuming that they represent the average time-pattern of the plantations analyzed. A total of 28 stands were analyzed, seven in Panama, 12 in the northern region of Costa Rica and nine in Guanacaste (Costa Rica). In order to set up a maximum yield research experiment (Sadler & Karlen 1995 , Bertsch 1998 , Alvarado 2012a , dominant and codominant trees were selected: (a) with no visible symptoms of diseases or nutritional deficiencies; and (b) that were representative of the best-performing trees of the plantations, assuming optimal nutrition and a full expression of genetic potential. In stands of age < 10 years, two trees were sampled per stand, whereas only one tree was sam- (Bertsch 1998 . Nutrient estimations and confidence intervals (α=0.05) are reported. (*): When no correlation was found between tree age and nutrient concentration in the compartment considered, concentration value is given only for 10 years old trees. Nutrient accumulation and allocation in tissues biomass were the target variables of this work, and were calculated by multiplying nutrient concentration (as reported in Tab. 2) by biomass (Fernández-Moya et al. 2013 ).
Nutrient
Primary and secondary branches were weighted averaged (reported henceforth as "branches" -eqn. 1):
where Ni-acc(br) is the nutrient accumulation in branches of the i-th nutrient, Bpbr and Bsbr are the biomass of primary and secondary branches, respectively, Ni [pbr] and Ni [sbr] are the concentration of the i-th nutrient in primary and secondary branches, respectively. Bole and bark nutrient accumulation were also weighted averaged (reported henceforth as "bole and bark" -eqn. 2):
where Ni-acc(bb) is the nutrient accumulation in bole and bark of the i-th nutrient, Bbl and Bbk are the biomass of bole and bark, respectively, Ni [bl] and Ni [bk] are the concentration of the i-th nutrient in the bole and in the bark, respectively. Similarly, "total" nutrient accumulation represents a weighted average from all the sampled tissues.
No detailed information about the thinning regime of the studied stands nor the dynamics of tree density with age were available. In order to upscale individual tree measurements to estimate stand's values, tree stocking at different stands age were considered as 1000, 300 and 150 trees ha -1 at 1-5, 10 and 19 years, respectively. These values are considered as average values normally used in plantations in Central America. Although plant density may influence tree nutrient uptake because of competition for soil nutrients, we consider plant density for a given age as relatively homogeneous between the three study sites, as the three companies follow similar management patterns.
In order to estimate soil nutrient availability, topsoil samples were collected (0-20 cm), where more than half of the teak roots are situated (Srivastava et al. 1986 , Behling 2009 ). Five soil sub-samples were taken from each site (without litter) and pooled into one composed soil sample for each site. Soil information was only available for 23 of the 28 sampled stands (Tab. 1). Soil samples were collected simultaneously to the biomass collection described above. Soil samples were analyzed at CIA-UCR to determine: pH, Ca, Mg, K, acidity and Al, P, Fe, Cu, Zn, Mn. pH was determined in water 10:25; acidity, Al, Ca and Mg in KCl solution 1M 1:10; P, K, Zn, Fe, Mn and Cu in modified Olsen solution pH 8.5 (NaHCO3 0.5 N, EDTA 0.01M, Superfloc 127) 1:10. Organic matter was determined by the combustion method described by Horneck & Miller (1998) . Soil texture was determined using the modified Bouyoucos method, as described by Forsythe (1975) .
Teak roots accounts for 5-30% of total tree nutrient accumulation (Ola-Adams 1993 , Siddiqui et al. 2007 , Behling 2009 ) so total planted teak forests accumulation can be estimated as 105-130% of the above mentioned for the aboveground biomass. Belowground biomass was not taken into account in this study because it is left at the site after final harvesting, mineralized and used by the next rotation (recycled). ) in different tree compartments related to tree age (years) in teak plantations (Tectona grandis L.f.). Points represent sampled trees at three different locations: Guanacaste, Costa Rica (black circles); Northern Region, Costa Rica (white circles); Panama (black triangles). Lines represent the fitted models reported in Tab. 3.
Statistical analysis
Generalized linear mixed models (henceforth: GLMMs) were used to study the relationships between nutrient (N, P, Ca, Mg, K, S, Fe, Mn, Cu, Zn and B) accumulation in each tissue (bole, bark, bole and bark, branches, foliage and total) and tree age. The use of GLMMs was necessary as most of the study variables did not follow the normal distribution assumed for traditional models. The probability distribution of each of the 72 response variables analyzed was studied prior to construct the GLMMs. The exponentially distributed variables were modeled using a Gamma distribution approach with α=1.
To evaluate the most suitable model for each study variable, a total of 83 different models were constructed, selecting the one with lowest deviance. Three groups of mo- were tested for each one, with λ varying between λ=2 to λ=-2 and a λgap=0.1. When no model including age as a parameter was statistically significant, or when the data did not follow any of the studied distribution functions, the resulting model included only an intercept representing the mean of the variable, and no age effect was taken into account.
The sampled stands in each study area were spatially correlated. The spatial correlation was taken into account by including a random effect for the study area, modeling the working correlation matrix with a first-order autoregressive structure. The goodness-of-fit of the models was assessed by measuring the percentage difference between the deviance of the model and the deviance of a model with no covariates (hereafter referred to as efficiency: EF), which is a pseudo-R 2 measure reported for GLMMs. All statistical analyses were performed using SAS 9.0 (SAS Institute Inc 2002). All statistical tests throughout the text are considered significant with α=0.05.
Results
Aboveground biomass allocation
The fitted models showed an estimated total aboveground biomass of 87, 277 and 807 kg at 5, 10 and 19 years old, respectively (Tab. 3, Fig. 2 Tab. 6 -Nutrient export by timber extraction in 1 to 19 years old teak (Tectona grandis L.f.) plantations in Costa Rica and Panama, and comparison between nutrient export and total accumulation (Tab. 5) at 19 yrs old plantations. Nutrient export is estimated from the statistical models summarized in Tab. 4 and represents the sum of the nutrients accumulated in bole and bark. Individual tree estimations ( Tab. 4) are used to calculate the stand values, assuming the following densities: 1000, 300 and 150 trees ha -1 at 1-5, 10 and 19 years, respectively. (*): Nutrient accumulation estimates obtained by the models at the different ages (confidence intervals are in parentheses, α=0.05). (**): Total accumulation represents the sum of the nutrients accumulated in bole, bark, branches and foliage of a mature stand (19 yrs) near to harvesting (Tab. 5). (***): No statistically sound model could be fitted between bole and bark P and Zn accumulation and age ( Tab. 4); therefore estimated bole and bark P and Zn accumulation were based on the average from the sampled trees; all collected data was taken into account, no difference could be made based on tree age. Fig. 2 ). Branches also accounted for large amounts of biomass compared to total tree biomass but it increased with tree age: 19%, 24% and 30% at 5, 10 and 19 years, respectively (Tab. 3, Fig. 2 ). However, foliage and bark percentage of total tree biomass decreased with age though the net biomass increased (Tab. 3, Fig. 2 ): (i) bark biomass was 8, 19 and 42 kg tree -1 accounting for 9%, 7% and 5% of the total tree biomass at 5, 10 and 19 years, respectively; (ii) foliage biomass was 10, 17 and 29 kg tree -1 accounting for 11%, 6% and 4% of the total tree biomass at 5, 10 and 19 years, respectively.
Nutrient
Nutrient accumulation and allocation
The fitted models (Tab. 4, Fig. 3 and Fig.  4 ) allow to estimate the nutrient accumulation at different tree tissues of teak trees based on their age. N mainly accumulated in foliage during the first years, although bole was the most important sink after 6-7 years. Indeed, bole N accumulation increased ) as a function of tree age (years) in teak plantations (Tectona grandis L.f.). Points represent the sampled trees at three different locations: Guanacaste, Costa Rica (black circles); Northern Region, Costa Rica (white circles); Panama (black triangles). Lines represent the fitted models reported in Tab. 4. sharply with age, while foliage N accumulation increased slowly with age. Ca accumulated in branches following a trend close to that of bole and bark. Bark Ca accumulation was higher than in foliage or bole from 10 years old on, while foliage was higher before that. K accumulated in branches in trees older than 6-7 years, whereas in younger trees it mainly accumulated at tree bole. Bole K accumulation was very similar to that of bark and they were both slightly higher than in foliage. Mg accumulated in tree bole throughout the entire rotation, accumulation in branches was also high; bark and foliage Mg accumulation were similar and lower than in other tissues. P and S also accumulated at tree bole and branches while bark and foliage accumulation was low. Fe accumulated at tree bole and branches while foliage accumulation was lowest following a pattern similar to that of bark. Mn also accumulated in tree branches though foliage accumulation was high and even higher than in branches at trees younger than 8-9 years. Cu ) as a function of tree age (years) in teak plantations (Tectona grandis L.f.). Points represent the sampled trees at three different locations: Guanacaste, Costa Rica (black circles); Northern Region, Costa Rica (white circles); Panama (black triangles). Lines represent the fitted models reported in Tab. 4. mainly accumulated in tree bole, while bark accumulation was lowest and foliage accumulation was higher at trees younger than 5 years old. Zn accumulated in tree bole and branches while bark and foliage accumulation was low. B mainly accumulated in tree branches, although bark accumulation was high compared to foliage accumulation, which was the lowest.
In the first years, total nutrient accumulation showed a tendency as P > K > N > Ca > Mg = S > Fe > Mn > Zn > B > Cu; the fifth year it was N > Ca > K > P > Mg > S > Fe > Zn > Mn > B > Cu; the tenth year it was Ca > N > K > Mg > P > S > Fe > Zn > B > Mn > Cu; and the nineteenth year it accumulated Ca > N > K > Mg > S > P > Fe > B > Zn > Mn > Cu. The estimation of the accumulation of some nutrients (mainly P) may not be well represented as it is based on an average of sampled trees from all ages, as no statistical model could be fitted with age as explanatory variable (Tab. 4). The estimated total tree nutrient accumulation at approximately one rotation period (19 years old) is 2.7 kg N, 4.4 kg Ca, 1.2 kg K, 700 g Mg, 200 g P, 400 g S, 61 g Fe, 3 g Mn, 1 g Cu, 6 g Zn and 7 g of B tree -1 (Tab. 5).
Nutrient export
Timber extraction as thinning or final harvesting implies export of nutrients allocated at bole and bark. Nutrient export varied from thinning to final harvesting as tree bole and bark nutrient allocation varied with age, as well as tree stocking (Tab. 6). Final harvesting constitutes a major nutrient output from the system, considering that 19 year old tree bole and bark nutrient accumulation was: 1.9 kg N, 1.5 kg Ca, 600 g K, 300 g Mg, 400 g P, 200 g S, 43 g Fe, 0.9 g Mn, 0.7 g Cu, 1.4 g Zn and 2.7 g B tree -1 (Tab. 6).
Discussion
Aboveground biomass allocation
In this study, tree and stand biomass estimates were similar or higher than those reported in other studies (Kaul et al. 1979 , Pérez Cordero & Kanninen 2003 , Kumar 2009 ). Such result was expected since only the best performing trees in each sampled stand were selected. However, stand biomass is low when compared to that reported by a spacing trial in southwestern Nigeria (Ola-Adams 1993). Most of the tree biomass was accumulated in the tree bole, accounting for 60% by itself and 69% of total tree biomass when considering bole and bark biomass altogether. Similar results were observed by other authors (Kaul et al. 1979 , Pérez Cordero & Kanninen 2003 .
Tree biomass increased sharply with tree age (Tab. 3, Fig. 2 ), whereas stand biomass showed a fast growth during an initial establishment stage (from 6 to 87 Mg ha -1 at years 1 and 5, respectively) and a smaller increment afterwards (from 87 to 121 Mg ha -1 at years 5 and 19, respectively). Little stand biomass variation with tree age or spacing has been shown for teak and other species (Ola-Adams 1993, Pérez Cordero & Kanninen 2003 , Peri et al. 2008 . Tree foliage biomass increased with tree age reaching 29 kg tree -1 when trees were 19 years old, whereas its contribution to total tree biomass decreased from 11% to 6% and 4% at 5, 10 and 19 years old, respectively, a decreasing trend showed also in other studies (Pérez Cordero & Kanninen 2003 , Kumar 2009 ). Stand foliage biomass also decreased from 9.7 Mg ha -1 in the fifth year to 4.4 Mg ha -1 at age 19, which could be related to declining stand growth capacity ("age-related decline in productivity" - Gower et al. 1996 , Ryan et al. 1997 , Binkley et al. 2002 . This also coincides with the declining trend shown between leaf biomass and tree spacing (OlaAdams 1993), as tree spacing increases with age in the sampled plantations due to the thinning regimen.
Nutrient accumulation and allocation
N accumulates mainly at foliage during the first years, because N foliage concentration is high and foliage is an important component of tree biomass at the beginning of the rotation. However, as foliage becomes a less important tree component and N foliage concentration decrease (Tab. 2 -Fernández-Moya et al. 2013) , the bole becomes the most important N sink in plantations older than 6-7 years old, as it is an important biomass sink. A similar pattern is followed by Ca as it is mostly accumulated in the foliage of young trees (Ola-Adams 1993) , where the bark biomass is low, and then is mainly accumulated in the tree bark later (and boleand-bark consequently), which is the general pattern observed for teak and other species (Nwoboshi 1984 , Peri et al. 2008 , Arias et al. 2011 , Qiong et al. 2011 . Other elements (K, Mg, P, S, Fe, Cu, Zn and B) showed a tendency to accumulate mainly at tree bole (or bole and bark) and branches at all ages, probably because the tissue concentration of such elements are lower (Tab. 2 -Fernández-Moya et al. 2013) , and so is the influence of the nutrient concentration on nutrient accumulation in the biomass. In general, this is consistent with the results of previous studies such as Nwoboshi (1984) , who reported that N, P and Mg mainly accumulate in the tree stem, while bark is considered as a Ca sink. Similarly, other authors reported the bole wood as the main sink for all nutrients considered (Ola-Adams 1993, Kumar et al. 2009 ).
The relative importance of the different elements in tree nutrient accumulation also varies with tree age. Young teak trees accumulate P > K > N > Ca > Mg = S > Fe > Mn > Zn > B > Cu, whereas at the end of the rotation they have absorbed Ca > N > K > Mg > S > P > Fe > B > Zn > Mn > Cu. However, the high P accumulation at young trees are probably overestimated by the proposed model (Tab. 4) as we could not fit an appropriate model and the average for all ages had to be used. For the same reason, P accumulation at later ages in the rotation is probably underestimated (Tab. 4, Fig. 3 and Fig. 4) . In general, this is consistent with the results of other studies where the nutrients most absorbed by teak were K > N > Ca >> Mg ≥ P (Nwoboshi 1984) , N = K > Ca > Mg > P (Ola-Adams 1993), Ca > K > N > Mg > P = S (Negi et al. 1995) , Ca > K > N > Mg > P > S (Behling 2009) or N > Ca > K > Mg > P > Na > S > Cl ). Hence, the general pattern across different studies is that teak mostly accumulates Ca, N and K. However, the most absorbed nutrient varies among the aformentioned investigations, likely depending on soil availability at each particular study site.
The proposed models (Tab. 4) allow managers to calculate the amount and allocation of nutrients accumulated by a well performing tree at different ages. As an example, a stand of 150 trees ha -1 at age 19 would accumulate 405 kg N ha ) in 5 year old teak stands (Tab. 5) represent between 70% to more than 100% of nutrients accumulated in 19 year old plantations (Tab. 5). Such evidence provides support to the Miller's theory (1981 Miller's theory ( , 1984 Miller's theory ( , 1995 that, if nutrition has been appropriate, nutrient uptake decreases when canopy closure occurs and nutrition is mainly based on translocation between tissues of the same tree and nutrient recycling. Alvarado (2012b) estimates than more than 70% of N required by a forest plantation could be provided by the mineralization of residues and wet and dry N deposition. Based on reviewed data, atmospheric N input could be estimated as high as 230 kg ha -1 over 20 years of the rotation period for a planted forest (Fölster & Khanna 1997 , Alvarado 2012b , which is approximately 57% of N accumulation at the final stages of the rotation period (Tab. 5). However, stand N accumulation at earlier stages is higher (509 kg ha -1 at year 5 -Tab. 5) and atmospheric deposition during 5 years could be estimated as only 57.5 kg ha -1 (11% of the estimated plantation accumulation), pointing out a possible N deficit at early plantation stages that should be supplied by fertilizers if not supplied by soil N. Atmospheric inputs may vary remarkably from site to site, and a general value from literature cannot be used to close a nutrient balance. However, this points out the probable nutrient deficit in teak plantations compared with nutrient accumulation and exports, and hence the need to do more detailed studies to design a nutritional plan including forest fertilization. Fertilization can be considered as another nutrient input to the system but, at this moment, it is usually very low.
The low values of soil available K and extremely low in the case of P (Tab. 1) contrast with the relatively high K and P accumulation in tree biomass (Tab. 5). This could be explained just by the methodology used to estimate the topsoil availability of K and especially P. Alternatively, it could be caused by one of the following hypothesis: (a) best performing trees may benefit from a particular site condition with a soil nutrient availability higher than the average, which allows them to have better growth, and/or maybe a deeper root system which allows them to explore a larger soil volume; (b) teak roots may produce phosphatases which improve the mineralization rates of organic-P resulting in levels of available P higher than those detected by soil analysis (Corryanti et al. 2007 ); (c) those elements could be limiting teak productivity; (d) nutrient input as atmospheric deposition could be playing a key role in plantation nutrition as for these elements.
Well performing teak trees generally accumulate high quantities of N, Ca and K. As Ca soil availability is high if site selection was appropriate, special attention should be paid to other elements such as N, usually considered as limiting the productivity of terrestrial ecosystems; and K, which could become limiting due to its interaction with soil Ca and the usual high values of the latter. In addition, P and B (Lehto et al. 2010) have also been reported as a limiting factors in forest soils and should be carefully considered. To a lesser extent, other elements such as Mg showed moderately high requirements, and possible limitations in specific environments may occur due to its interaction with Ca.
Nutrient export
The proposed models (Tab. 4) allow managers to assess the nutrient export by trees removal (including thinning) at different plantation ages by simply multiplying the number of removed trees by the nutrient removal per tree. Detailed thinning information was not available for the present study; therefore only estimations about nutrient export by final harvesting at the end of the rotation are reported (Tab. 6).
Nutrient export by timber extraction at the end of the rotation represents approximately half of the estimated tree nutrient accumulation of mature stands, varying between 23% and 73%, depending on the different elements (Tab. 6). The other half of the nutrient absorbed by the tree could remain at the site to be recycled and used in the following rotation, if an appropriate residues management is done (Fölster & Khanna 1997 . Final felling nutrient extraction could be of special relevance in cases such as P and K, because of their low soil availability (Tab. 1), which could become a limiting factor after several rotations. Estimated N output at final felling (Tab. 6) is also high; however, no information about soil N content is available. Reported data for nutrient export is calculated as nutrient accumulated in bole and bark tissues; therefore, it is only a rough estimate, as a percentage of non-commercial stem is left at the site after final felling.
Nutrient export repeated over several rotations could be the cause of soil nutrients depletion (Miller 1984 , Fölster & Khanna 1997 , Evans & Turnbull 2004 , determining a decrease in forest productivity after several rotations (Rennie 1955 , Evans 2009 ). The possibility to replace the nutrient output exported with harvesting with fertilization has been traditionally ignored by forest managers (Fölster & Khanna 1997 ), although FSC (2004 and several other authors (Rennie 1955 , Worrel & Hampson 1997 recommend the application of fertilizer to sustain shortcycle plantation productivity.
Plantation Stability Indexes have been reported as a good measure to assess soil nutrient mining by forestry plantations (Fölster & Khanna 1997 , Arias et al. 2011 ). Though such indexes can be considered as good indicators, more research efforts are needed, in particular for their application in the sustainability assessment in certification schemes or for their inclusion in payment for environmental services programs.
To minimize nutrient exports, many authors have proposed to debark tree stems at the plantation site (Rennie 1955 , Fölster & Khanna 1997 . However, such practice may be hardly adopted by forest companies since it is non-profitable and time-consuming. As approximately half of the nutrients translocate from leaves to other tree tissues before senescence (Aerts 1996) , bole and bark may have a higher nutrient concentration in the dry season, when teak is defoliated and timber extraction is usually carried out. Therefore, it could be recommended to program the final felling in a time of the year when nutrient exports are minimal. Moreover, if nutrients in the bole and bark had higher concentrations in the dry season compared with the rainy season, this would suppose an underestimation of the nutrient export reported in the present work.
Hence, future research are needed to take such possible influence into account.
Conclusions
The models proposed in this work allow managers to calculate the amount of nutrients accumulated in bole and bark tree biomass depending on tree age, and can be used to estimate the nutrient extraction under different thinning management scenarios. This is the first study on this subject for Central America and the first step towards a complete nutrient balance for teak plantation systems aimed at a sustainable management of forest plantation.
Teak nutrition should pay special attention to N and K, together with Ca the 3 most absorbed nutrients by teak. In addition, P and B could also be limiting the productivity in planted teak forest. Nutrient export by timber extraction is high as compared to soil reservoirs, especially for P and K. The proposed models can serve as a guide for managers to calculate for each specific plantation the minimum nutrient inputs to be added over the rotation period to avoid soil nutrient depletion.
